• Background and Aims Fusarium wilt is primarily a soil-borne disease and results in yield loss and quality decline in cucumber (Cucumis sativus). The main symptom of fusarium wilt is the wilting of entire plant, which could be caused by a fungal toxin(s) or blockage of water transport. To investigate whether this wilt arises from water shortage, the physiological responses of hydroponically grown cucumber plants subjected to water stress using polyethylene glycol (PEG, 6000) were compared with those of plants infected with Fusarium oxysporum f. sp. cucumerinum (FOC).
INTRODUCTION
Fusarium wilt, which is caused by Fusarium oxysporum f. sp. cucumerinum (FOC), is a major factor impacting on cucumber (Cucumis sativus) yield and quality (Owen, 1955) . It is a worldwide problem in cucumber-growing areas such as Greece, Canada, France, Spain and China (Vakalounakis et al., 2004) . Infection with F. oxysporum results in the progressive wilting of plant leaves and stems, which eventually leads to the death of the plant. This fungus invades the host plant at any growing stage via its roots or stems and rapidly spreads through the plant's vascular system. Furthermore, its persistence in soil makes it difficult to eliminate .
Pathological wilting of plants has generally been attributed to vessel plugging and systemic toxicity. The plugging theory suggests that fusarium wilt results from the blockage of xylem vessels through the formation of callose, tylose or gels, as the host tries to inhibit the spread of the pathogen by limiting xylem water transport simultaneously (Lakshminarayanan, 1953) . The systemic toxicity theory hypothesizes that toxin(s) produced by F. oxysporum is the main cause of plant wilt via membrane injury and water leakage (Wang et al., 2014) . Our previous studies reported that the spread of fusaric acid (FA; 5-n-butyl-2-pyridine carboxylic acid), produced by Fusarium species, play a critical role in fusarium wilt (Dong et al., 2012; Wang et al., 2014) . When plants suffer from water stress or pathogen infection, an inherent water imbalance occurs that results in leaf rolling or wilt (Kadioglu et al., 2012) . Although the most visible symptom of this disease is leaf wilting, as happens under water shortage, it remains unclear whether the infected cucumber plants suffer from water stress. This is due to the complexity of the interaction between water loss and plant wilt. The complication arises as it is difficult to assess whether water content is being manipulated by the plant or the pathogen, or indeed both (Beattie, 2011) .
Mechanistically, the water balance of the infected host plant is disturbed due to the increased non-stomatal water loss from leaves, as well as reduced root hydraulic conductance and leaf water content (Sant et al., 2010; Wang et al., 2015) . Stomatal closure, a rapid and well-studied response of plant leaves to water stress, is used to prevent excess water loss by decreasing the rate of transpiration (Else et al., 2001) . However, no regular change in stomatal movement has been observed during the early response to pathogen infection. This implies that no hydraulic signal is transported to plant leaves which could have general effects on leaf physiology, prior to the development of the wilting phenotype (Christmann et al., 2007; Dimond, 1955) . This may not be in line with the so-called plugging theory, whereby leaf wilting occurs because water transport is blocked in the xylem after vascular infection.
Our previous studies have demonstrated that leaf cell membrane injury following infection with soil-borne fusarium wilt in cucumber plants is induced by uncontrolled water loss from damaged cells (Wang et al., 2015) . This stated, it remains unclear whether this wilt is caused by water shortage. In this current study, to distinguish the difference between fusarium wilt and water stress, we investigated leaf responses to water stress and FOC infection by analysing leaf water status, physiological responses and chloroplast variation in different leaf regions. We observed no conditions of water stress in FOC-challenged plants. This would suggest that xylem plugging is only a very late effect of FOC infection and that the wilt symptoms most likely reflect the effect of toxin(s).
MATERIALS AND METHODS

Plant materials and growth conditions
Seeds of cucumber (Cucumis sativus) 'Jingyan 4', which is susceptible to Fusarium oxysporum, were germinated in sterile quartz sand and at first leaf emergence were transplanted into plastic pots containing 500 mL of aerated half-strength Hoagland's nutrient solution (Hoagland and Arnon, 1950) . The plants were grown in a greenhouse maintained at 30/25 °C (day/ night) with a relative humidity of 70 ± 10 % and a photoperiod of 14 h d −1 (>300 μmol m −2 s −1
). After an additional week, three treatments were applied: either control (CK), water stress (WS) or pathogen infection (PI). Water stress was simulated by adding 2 % polyethylene glycol (PEG, 2 % w/v; mol. wt 6000 Da) to the nutrient solution and the PEG simulated water stress was continuous until leaf sample was harvested. Infection with Fusarium oxysporum f. sp. cucumerinum (FOC) was achieved by immersing the cucumber roots in a conidial suspension (10 7 conidia mL −1 ) of FOC, which had been isolated from infected cucumber plants and was provided by the Laboratory of Plant-Microbe Interactions, Nanjing Agricultural University, China. After 2 hours of root immersion, the conidial suspension was added to nutrient solution and the cucumber plant was also moved back, the infection was continuous until sample harvest. The FOC isolates were first incubated on potato dextrose agar (PDA) medium in Petri dishes in the dark at 25 °C for 7 d. Then, the dishes were drenched with 20 mL of sterile distilled water and the spores were carefully dislodged from the culture surface with a fine artist's brush. A conidial suspension was obtained by filtering through three layers of sterile cheesecloth to eliminate mycelial fragments.
New fully expanded leaves were harvested 8 d after the start of the infection and water stress periods (i.e. before the cucumber leaves had wilted completely) and analysed for selected parameters, as described below.
Determination of relative water loss per unit of leaf
Water absorption was determined by weighing the pots. The surfaces of the pots were sealed with plastic film to inhibit evaporation. The pots and plants were weighed at 08:00 and 20:00 h every day after different stress treatments, and the weight loss was taken to indicate daily water absorption by each plant. Leaf areas were calculated using Image-Pro Plus 6.0 software based on photographs of the leaves. Water loss was calculated by dividing the leaf weight difference by total leaf area. The relative water loss under stress was then normalized by comparison with the water loss of unstressed control plants.
Leaf water status
The water status factors water content (WC), relative water content (RWC) and water potential (WP) were determined using the new fully expanded levels after 8 d of treatment. Leaf fresh weight (FW) was determined immediately after cutting the base of the lamina. Turgid weight (TW) was obtained after soaking the leaves in distilled water for 7 h at room temperature under low light, and dry weight (DW) was obtained after ovendrying the leaf samples for 72 h at 70 °C. We calculated WC and RWC using the equations below:
We measured WP in fresh leaves without the midrib. The leaves were cut into small pieces and placed in a sample cup, and leaf WP was monitored using a dew-point potentiometer (WP4; Decagon Devices, USA), following the manufacturer's instructions.
Hydraulic conductivity measurements
After 8 d of treatment, shoot and root hydraulic conductances were measured using a high-pressure flow meter (HPFM; Decagon Devices, Pullman, WA, USA). Plants were topped ∼3 cm above the root/shoot interface and the HPFM was attached to the detached shoot or root using an Omnifit connector for the stem and root hydraulic conductance measurement.
Positive pressure (P i ) was applied to force water from the base of the excised tissue to the tip. The P i at the base was increased rapidly from 0 to 0·5 MPa at a constant rate of 3-7 kPa s −1 while measuring the flow (F) and applied pressure (P i ) every few seconds. The slope of the relationship between F and P i was taken as a transient measurement (K s ) were calculated using the equations below:
Gas exchange measurement
To determine whether pathogen infection and water deficiency affected leaf photosynthesis of the plants, gas exchange measurements were conducted in fully expanded leaves using a LI-COR 6400 portable open photosynthesis system. The net photosynthetic rate, stomatal conductance, intercellular CO 2 concentration and transpiration rate were measured at a photosynthetic photon flux density (PPFD) of 1000 mmol photons m −2 s −1 , a relative humidity of 38·96 ± 5·58 %, a leaf temperature of 28·0 ± 0·2 °C and an atmospheric CO 2 concentration of 420 ±1·5 μmol mol −1
. Data were recorded after equilibration to a steady state (~10 min). Values of stomatal limitation (L s ) were calculated using the following formula:
where C a is the CO 2 concentration in the air.
Thermal imaging measurements
Infrared images were obtained using an infrared camera (SC620, FLIR Systems, USA) with a spectral sensitivity ranging from 7·5 to 13 mm and a spatial resolution of 0·65 mrad. The SC620 camera contained a 640 × 480-pixel focal plane array, an uncooled microbolometer, and a 24° × 18° field-ofview lens with a minimum focal distance of ~0·3 m. The thermal resolution of the camera was 0·065 °C at 30 °C ambient temperature. Digital thermograms were analysed using Therma CAM Researcher Professional 2·9 software (FLIR Systems). To estimate differences in leaf temperature under different treatments, thermal images were taken in light (at 10:30 h, when stomata were open) and dark (at 22:30 h, when stomata were closed after 2 h of exposure to dark) conditions.
Quantitative determination of proline, abscisic acid, total soluble sugar content and lipid peroxidation
Proline was extracted according to the method developed by Bates et al. (1973) . Samples were homogenized in 3 % sulphosalicylic acid (w/v) and the homogenate was centrifuged at 3000 g for 20 min. The supernatant was treated with acetic acid and acid ninhydrin, boiled for 1 h and measured for absorbance at 520 nm. Proline content was expressed as mmol proline per mg dry weight. Abscisic acid content was extracted from the freeze-dried samples using an indirect enzyme-linked immunosorbent assay (ELISA) with an ABA ELISA Kit (CUSABIO), following the instructions provided by the manufacturer. Soluble sugar content was determined according to Zhang et al. (2012) , with modifications. A total of 0·05 g of dry powder and 10 mL of deionized water were mixed and boiled for 30 min at 100 °C and centrifuged at 10 000 g for 10 min. Next, 0·2 mL of the supernatant was transferred to a 25-mL glass tube. Then, 0·5 mL of 2 % (w/v) anthrone and 5 mL of sulphuric acid were added, and absorbance was determined at 630 nm after boiling for 1 min.
To measure lipid peroxidation in the leaves, 2-thiobarbituric acid (TBA), which measures malondialdehyde (MDA) as an end product of lipid peroxidation, was used. The samples were mixed with 10 % trichloroacetic acid (TCA) containing 0·65 % TBA, and the absorbance was determined after heating at 95 °C for 25 min. The MDA content was calculated by the following formula, modified from Hodges et al. (1999) to eliminate the influence of sucrose:
where A 532 , A 600 , and A 450 represent absorbance at 532, 600 and 450 nm, respectively
Chlorophyll fluorescence measurement
Chlorophyll fluorescence was assessed with an imaging pulseamplitude-modulated fluorometer (IMAG-MAXI, Heinz Walz). To measure the maximal quantum yield of photosystem II (F v /F m ), the plants were dark-adapted for 30 min. Minimal fluorescence (F 0 ) was measured during the weak measuring pulses, and maximal fluorescence (F m ) was measured with a 0·8-s pulse light at Leaf centre 91·46 ± 1·48a 90·00 ± 6·80a 87·40 ± 7·99a Leaf edge 91·14 ± 1·63a 62·35 ± 11·29b 90·75 ± 3·33a Water potential (kPa)
Leaf centre −1·05 ± 0·09a −1·17 ± 0·13a −1·13 ± 0·25a Leaf edge −1·12 ± 0·13a −1·69 ± 0·52b −0·93 ± 0·28a
Data are mean ± s.d. of four replications. Different letters in the same column indicate a significant difference (P < 0·05, Duncan's multiple range test). . The entire leaf was taken as the area of interest when determining F v /F m . The electron transport rates (ETRs) at a given actinic irradiance were calculated as (F m ′−F s )/F m ′× PAR × 0·5× a, where (F m ′−F s )/F m ′ is the quantum yield of photosystem II in the light, PAR is the actinic irradiance, 0·5 is the assumed proportion of absorbed quanta used by photosystem II reaction centres, and a is leaf absorbance for cucumber leaves.
Electron microscopy
Leaf sections (∼1-2 mm 2 ) were cut from the intermediate area of newly expanded leaves using two razor blades, fixed in 2·5 % glutaraldehyde (0·1 m phosphate buffer, pH 7.4) and postfixed in 2 % osmium tetroxide. The specimens were then dehydrated in a graded acetone series and embedded in Epon 812 resin (Martinez, CA, USA). Sections were cut on a PowerTome XL ultramicrotome (Boeckeler Instruments, Tucson, AZ, USA), stained with 2 % uranyl acetate and examined with an H-7650 transmission electron microscope.
Statistical analysis
One-way analysis of variance (ANOVA) was used to assess differences in each parameter with the treatments, using the SPSS 16.0 statistical software package. Means and calculated standard errors are reported. Significance was tested at the 5 % level.
RESULTS
Effect of water stress and FOC infection on water absorption of cucumber plants
Plant water absorption capacity can be represented by water loss per unit leaf area as well as root hydraulic conductivity. In the present study, although water loss decreased over time for both treatments, plants exhibited different levels under water stress compared with FOC infection (Fig. 1) . Water stress induced a continuous decrease in water loss until a relatively stable difference was reached compared with control. In contrast, for FOC-infected plants, no significant variation was observed until 8 d after exposure to infection, and after which decreases were rapid until the death of the plants (Fig. 1A, B) .
Shoot and root hydraulic conductivities were also differentially influenced by water stress and pathogen infection. Root hydraulic conductivity decreased significantly under water stress, while no significant change was observed for stem hydraulic conductivity, compared with controls In contrast, root and shoot hydraulic conductivities both decreased significantly after FOC infection (Fig. 2) .
Effect of water stress and FOC infection on leaf water status and leaf temperature
Leaf water status was altered following both water stress and pathogen infection compared with non-treated plants. Crucially, different parts of the leaf exhibited distinct changes. Water stress significantly decreased the water content (WC, ∼6·77 %), relative water content (RWC, ∼35·74 %) and water potential (WP, ∼50·89 %) of the leaf edge, whereas no significant variation was observed in the centre of water-stressed leaves. With FOC-infected plants, no significant variation was observed at either the leaf edge or the centre (Table 1) .
Leaf temperature was an important factor reflecting plant water status and health condition. Once again, leaves exhibited different temperature responses to water stress and FOC infection compared with controls (Fig. 3A) . With water stress, higher temperatures were exhibited at the edge and tip of the leaf after 3 d after the start of the treatment period compared with the leaf centre, and these increased with time. In contrast, for leaves exposed to FOC, no leaf temperature variation was observed until 8 d after the start of the infection period, when a significantly higher temperature was observed in the leaf centre (Fig. 3A, B) . Leaf temperatures under the dark condition also responded differently under different stresses: increased leaf temperatures were observed under water stress, especially at the leaf edge, whereas temperatures decreased after pathogen infection (Fig. 3C) .
Effect of water stress and FOC infection on osmolyte accumulation in leaves
Osmotic regulation, which is of vital importance for plant growth, is reflected and to a great extent caused by increased accumulation of soluble sugars, proline and abscisic acid (ABA) under water stress. Given this, subjection to water stress led to a severe osmotic imbalance in leaves compared with controls in our experiments, but this was not observed in FOC-infected plants (Fig. 4A, B, C) . Water stress significantly increased the accumulation of osmotic regulatory metabolites in whole leaves, especially at the leaf edge (190, 183·62 and 137·57 % increases in proline, ABA and soluble sugar contents, respectively). For plants incubated with FOC, no significant change in ABA and soluble sugar content was observed at either the leaf centre or the edge, although a significant decrease in proline was observed. The leaf proline content was negatively correlated with water potential but this did not vary under FOC infection (Fig. 5A) .
Effect of water stress and FOC infection on gas exchange parameters of leaves
When compared with non-treated controls, there was a significant reduction in net photosynthesis rate (P n ), stomatal conductance (g s ), intercellular CO 2 concentration (C i ) and 
) and stomatal limitation (L s , %) in cucumber leaves. Plants were supplied with half-strength Hoagland solution under the non-treated condition (CK), water stress was simulated by adding 2 % PEG (WS) and FOC incubation was achieved by immersing the roots in a conidial suspension (10 7 conidia mL −1 ) (PI). Gas exchange parameters were measured 8 d after the start of treatment
Treatment P n g s C i T r L s
CK
Leaf centre 19·85 ± 1·53a 0·70 ± 0·11a 327·25 ± 7·59a 8·33 ± 0·68a 21·89 ± 2·73c Leaf edge 20·78 ± 1·17a 0·58 ± 0·03b 319·25 ± 12·69a 8·11 ± 0·40a 24·83 ± 1·78bc WS Leaf centre 11·48 ± 2·33b 0·13 ± 0·05de 240·00 ± 17·07b 2·92 ± 0·95c 43·78 ± 4·91a Leaf edge 5·98 ± 1·12c 0·06 ± 0·02e 229·50 ± 32·13b 1·30 ± 0·31d 45·97 ± 8·11a PI Leaf centre 13·90 ± 1·90b 0·25 ± 0·08c 301·75 ± 24·09a 4·13 ± 0·97b 29·88 ± 5·31b Leaf edge 13·00 ± 2·40b 0·20 ± 0·06cd 296·50 ± 17·25a 3·64 ± 0·78bc 32·13 ± 3·34
Data are mean ± s.d. of four replications. Different letters in the same column indicate a significant difference (P < 0·05, Duncan's multiple range test).
transpiration rate (T r ) and an increase in stomatal limitation (L s ) in leaves suffering water stress, with the most serious decline seen at the leaf edge (Table 2) . Infection with FOC also altered leaf gas exchange parameters except for C i , but no spatial differences were observed between the leaf centre and edge.
Effect of water stress and FOC infection on appearance, chlorophyll fluorescence and MDA content of leaves
Plants exhibit visible responses to environmental stresses. Phenotypically, leaf margins become sallow under water stress but leaves tended to wrap when plants were infected with FOC (Fig. 6A) . We also examined the maximum photochemical efficiency of photosystem II of cucumber leaf in the dark-adapted state (F v /F m ) to measure photosynthetic efficiency under stresses. Fluorescence images of leaves revealed that photosynthesis at both the leaf edge and the centre was substantially perturbed in FOC-infected plants. Spatial differences in leaf areas showed that membrane injury was also different under water stress and FOC infection. Higher MDA accumulation was only observed at the edges of water-stressed leaves, whereas with FOC-challenged plants this was observed at the leaf centre and edge.
Effect of water stress and FOC infection on chloroplast ultrastructure in leaves
There were significant differences in chloroplast structures between plants under water stress and FOC infection, including chloroplast shape, starch accumulation and thylakoid stacking (Fig. 7A, B) . Compared with non-treated leaves, irregular chloroplast shapes as well as stacking of thylakoids were observed at the edge of water-stressed leaves and at the centre of pathogen-infected leaves. Infection with FOC induced leakage of chloroplast contents as well as swollen-shaped chloroplasts in the leaf centre, while no starch was observed at the leaf edge under water stress (Fig. 7A) .
DISCUSSION
The apparent similarity in the symptoms seen with water shortage and fusarium infection has lead to some authors suggesting that the vascular blocking is part of the pathogenic process (Mepsted et al., 1995; Rodriguez-Galvez and Mendgen, 1995) . In this study, FOC infection causes decreased water absorption and root/stem hydraulic conductivity, but leaf water status was not significantly affected when the wilt symptom emerged (Fig. 2, Table 1 ). These distinctive responses effectively rule out water shortage as a major reason for fusarium wilt. Similarly, our previous red ink experiment on fusarium-infected cucumber leaves showed visible red ink absorption in leaves, indicating that the wilt was not caused by vessel blockage (Wang et al., 2015) . After this initial observation, our further analyses confirmed the accuracy of this conclusion.
Proline, ABA and soluble sugars play key osmotic regulatory roles and accumulate significantly under water stress (Mahouachi et al., 2007; Parida et al., 2007; Szabados and Savoure, 2010) . This was also seen in our results, with a negative correlation between water potential and proline content (Fig. 5A) . Infection with FOC resulted in different responses, with decreased proline content and non-significant associations between proline content and water potential (Fig. 4A and Fig. 5A ), further indicating that no osmotic regulation occurred in FOC-infected plants. The reduction in proline content, together with other amino acids, has been widely reported under biotic stresses, and results from the disturbance of nitrogen metabolism (Tavernier et al., 2007; Buhtz et al., 2015) . In our results, ABA levels were not significantly increased 8 d after the start of FOC infection period, whilst increases have been reported in other pathogenic interactions, this varies depending on the infection approach of pathogens and ABA is functioned in air-borne disease (Ton et al., 2009 ). In line with this, we observed no significant difference in leaf soluble sugar content after FOC infection, whereas increased soluble carbohydrate has been reported previously after pathogen infection (Swarbrick et al., 2006; Radwan et al., 2007) . This results from increased invertase activity associated with fungal growth and the sugar signal transduction pathway, but not osmotic regulation (Voegele et al., 2001) . Different visible changes in leaves were also observed, including leaf curling (Fig. 6A) , leaf lipid peroxidation (MDA accumulation) (Fig. 6B ) and leaf temperature responses (Fig. 3A) after water stress and FOC infection. Water stress induced more severe injury at the leaf edge, whereas FOC infection primarily affected the leaf centre that was adjacent to the petiole. Similarly, Vollenweider and Gunthardt-Goerg (2005) compared leaf responses of different trees to various stresses and showed that necrosis at the leaf edge or tip occurred under abiotic stresses, whereas an irregular distribution of adaxial stippling or spots was observed under biotic stresses. Leaf curling or necrotic symptoms occurring primarily at the leaf tips and then spreading around the leaf margins has been observed in Arabidopsis (Chen et al., 2005) , Sporobolus stapfianus (Vecchia et al., 1998) and turfgrasses (Carrow, 1996) under water stress. Increased leaf edge temperature under water stress was observed in our present study (Fig. 3A) , and has been described in Arabidopsis (Merlot et al., 2002) and barley plants (Munns et al., 2010) . These changes resulted from decreased leaf transpiration rate and leaf water content, which effectively dehydrate leaves (Reynolds-Henne et al., 2010) . This leaf margin change was not observed in FOC-infected leaves, but leaf drooping was seen from the centre part, which corresponds with the increased temperature and membrane damage ( Figs  3A and 6A, B) . In previous studies, increased leaf temperature at the infection site has been reported for cucumber (Oerke et al., 2006) , tobacco (Chaerle et al., 2001 ) and hardwood plants (Aldea et al., 2006) . It was also reported that fusarium wilt occurred earlier in lower leaves, where it was closer to the root xylem water transport (Dong et al., 2014) . Taking all of these observations together, it is most likely that the wilt seen with fusarium infection does not result from water shortage, but from toxin(s) transport.
Mechanistically, the putative toxin(s) seem likely to be targeting the chloroplast and photosynthesis. In the current study, photosynthetic parameters and chloroplast development were significantly affected under water stress and pathogen infection in both leaf regions studied (centre and edge) (Table 2, Fig. 7 ). Stomatal closure has been identified as the main factor involved in photosynthetic inhibition in plants suffering from water stress (Cochard, 2002) , but the interaction is more complex under biotic stress. For example, stomatal responses after pathogen infection, with impaired opening in the light and impaired closure in darkness, has been demonstrated to be related to the energy cost of defence (Prats et al., 2006; Mur et al., 2013) . The lower leaf temperature of FOC-treated leaves under the dark condition (Fig. 3C) could be a further illustration of this energy cost and has been consistently reported previously (Wang et al., , 2013 . Continuous restriction of photosynthetic capacity would result in the depletion of stored carbon and cause severe injury of plant tissues under water stress (Flexas and Medrano, 2002) . This was consistent with our result that no starch grains were observed in chloroplasts in water-stressed leaf edges (Fig. 7A) . In Citrus sinensis infected with 'Candidatus Liberibacter asiaticus', a restricted sucrose efflux and disrupted metabolism system caused by toxin substrate decreased plant photosynthetic capacity (Fan et al., 2010) , and was consistent with our results (Fig. 7A) .
The shape of chloroplasts in leaves was also affected, with downsized chloroplasts under water stress but round-shaped chloroplasts under FOC infection (Fig. 7A) , as also reported in water-stressed rice leaves and Botrytis cinerea-infected Mesembryanthemum crystallinum leaves (Gabara et al., 2012; Li et al., 2012) . The disordered stacking of thylakoids has also been reported in higher plants under stress (Aldesuquy et al., 2000; Mäkelä et al., 2000) , another feature that differed with different stresses in our results (Fig. 7B) . Chloroplast size and leaf structure, indicating chloroplast damage at the water-stressed leaf edge and FOC-infected leaf centre. Scale bars = 2·0 μm. (B) Granum structure in leaves was disordered at the edge of water-stressed leaves and the centre of FOC-infected leaves. Scale bars = 500 nm.
In conclusion, although a decrease in water absorption and leaf wilt were observed in FOC-infected plants, leaf water status was not altered before complete wilt of plants. Similarly, markers for water stress, proline and ABA content were not increased under FOC infection. The different leaf spatial responses of leaves under water stress and FOC infection, including leaf water status, temperature responses, photosynthesis, appearance and chloroplast ultrastructure, further confirmed that fusarium wilt of cucumber plants was not caused by water shortage.
